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Ran Localizes around the Microtubule Spindle
In Vivo during Mitosis in Drosophila Embryos
clear cycles 11 and 12 with rhodamine-labeled Ran path-
way components, and the localization of the compo-
nents was followed by time-lapse laser scanning
Nadia Trieselmann and Andrew Wilde1
Department of Medical Genetics and Microbiology
University of Toronto
1 King’s College Circle confocal microscopy (LSCM). Between nuclear cycles
9 and 14, the Drosophila embryo is a syncitium in whichToronto, Ontario M5S 1A8
Canada the nuclei localize at the embryo surface, allowing visual-
ization, and injected material can diffuse throughout the
embryo, reaching many nuclei and spindles.
Summary
Mitotic Localization of RCC1 and RanGAP
The GTPase Ran regulates multiple cellular functions Central to the model described above is the idea that
throughout the cell cycle, including nucleocytoplasmic RCC1 generates RanGTP while associated with chroma-
transport, nuclear membrane assembly [1], and spin- tin throughout mitosis. However, the mitotic localization
dle assembly [2–10]. Ran mediates spindle assembly of RCC1 is controversial: immunostaining studies in hu-
by affecting multiple spindle assembly pathways: mi- man tissue culture cells (HeLa S3) and Drosophila em-
crotubule dynamics [6, 7], microtubule motor activity bryos found RCC1 distributed throughout the cell in
[6], and spindle pole assembly [8–10]. Ran is predicted mitosis [14, 15], whereas, in mitotic Xenopus egg ex-
to facilitate spindle assembly by remaining in the GTP- tract, RCC1 bound to DNA-coated beads [5]. Two ap-
bound state around the chromatin in mitosis. Here, proaches were taken here to determine the mitotic local-
we directly test the central tenet of this hypothesis in ization of RCC1. First, RCC1 was immunolocalized to
vivo by determining the cellular localization of Ran mitotic chromatin in methanol-fixed Drosophila em-
pathway components in Drosophila embryos. We find bryos (Figure 1A). As the major difference between these
that, during mitosis, RCC1, the nucleotide exchange findings and those of prior studies is the fixation condi-
factor for Ran, is associated with chromatin, while Ran tions [14, 15], RCC1 localization was followed by time-
and RanL43E, an allele locked in the GTP-bound state, lapse LSCM in vivo in the absence of fixation by injecting
localize around the spindle. In contrast, nuclear pro- rhodamine-labeled RCC1 into GFP-histone-expressing
teins redistribute throughout the embryo upon nuclear Drosophila embryos. RCC1 colocalized with GFP-his-
envelope breakdown (NEB). Thus, in vivo RanGTP has tone throughout the cell cycle, indicating that RCC1 was
the correct spatial localization within the cell to modu- associated with chromatin during mitosis (Figure 1B).
late spindle assembly. Since RCC1 is active in mitotic Xenopus egg extract [3,
5, 8], which implies that, in mitosis, RCC1 is active and
capable of generating RanGTP, we infer from the mitoticResults and Discussion
localization of RCC1 in Drosophila embryos that RanGTP
is generated throughout mitosis at or near the chro-A working model has been proposed to explain the mi-
matin.totic roles of Ran [8–10]. In interphase, some spindle
RanGAP can stimulate the hydrolysis of GTP to formassembly factors (SAFs) are sequestered into the nu-
RanGDP. Immunostaining of fixed embryos revealed acleus through the action of nuclear transport receptors
punctate nuclear envelope staining pattern for RanGAP(NTRs), and they only participate in spindle assembly
(Figure 1C). Occasionally, the punctate staining patternupon nuclear envelope breakdown (NEB). However,
followed a microtubule on the outer face of the spindleafter NEB, these nuclear SAFs (nSAFs) could be inhib-
(Figure 1C, arrow). Previously, RanGAP was localized toited by rebinding to NTRs, an interaction that would be
spindles and kinetochores in mammalian tissue cultureprevented by RanGTP binding to NTRs. Therefore, it was
cells [16, 17]. We did not detect any staining at thepostulated that, during mitosis, RanGTP is continually
kinetochore. However, this could be due to either a spe-generated at the chromatin to ensure that spindle as-
cies difference or the epitope recognized by the anti-sembly occurs around the chromatin. Since RCC1, the
body being hidden at the kinetochore [17].nucleotide exchange factor for Ran [11], can bind to
Our finding that RCC1 is bound to chromatin through-chromatin [12], a gradient of RanGTP could exist with
out mitosis suggests that RanGTP can be generated atits highest concentration at the chromosomes.
or close to the chromatin in mitosis in vivo. In addition,The mitotic localization of RCC1 and RanGTP is cen-
as RanGAP remains in the residual nuclear envelope,tral to this model. Recently, an elegant study using novel
the highest concentration of RanGTP would remainbiosensors with different properties in the presence of
around the chromatin in mitosis, a finding that supportsRanGTP or RanGDP suggested that, in vitro, RanGTP
a recent in vitro study [13].is localized around the chromatin and the spindle [13].
In an alternative approach, we examined the mitotic
localization of Ran and Ran pathway components in Ran Localizes around the Spindle in Mitosis
vivo. Drosophila embryos were injected between nu- The model predicts that RanGTP remains close to its
site of generation at the chromatin throughout mitosis.
To analyze the mitotic localization of Ran in vivo, Dro-1Correspondence: andrew.wilde@utoronto.ca
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Figure 1. Localization of RCC1 and RanGAP
throughout the Cell Cycle
(A) A methanol-fixed wild-type embryo stained
with an anti-RCC1 antibody, BJ43 [14] (green),
and an anti-tubulin antibody, YOL1/34 (red;
Serotech), to stain microtubules.
(B) A time-lapse series of micrographs follow-
ing the in vivo dynamic localization of RCC1
and chromatin throughout the cell cycle.
Embryos expressing GFP-histone [27] were
injected with rhodamine-labeled 6-histidine-
tagged RCC1 and were viewed by dual wave-
length time-lapse scanning confocal micros-
copy.
(C) A wild-type methanol-fixed embryo
stained with an anti-RanGAP antibody [28]
(red) and an anti-tubulin antibody, DM1
(green; Sigma). The image is a flattened pro-
jection of a z-series of images. The arrow de-
notes RanGAP staining aligned with microtu-
bules on the periphery of the spindle. The
scale bar represents 10 m.
sophila embryos were injected with rhodamine-labeled locked in the GTP-bound state that does not inhibit
nuclear transport [4, 18], and RanT24N, an allele of Ranwild-type Ran, and its localization was followed by time-
lapse LSCM. In interphase, the rhodamine-labeled Ran that is locked in the GDP-bound state. RanL43E local-
ized to the nuclear membrane in interphase. Upon NEB,localized to the nucleus and the nuclear envelope (Figure
2A) as expected [18]. Upon NEB (as judged by the entry some of the RanL43E remained in the residual nuclear
envelope, while some relocalized to the region directlyof the GFP--tubulin signal into the nuclear space), Ran
did not diffuse throughout the cell but remained around around the spindle, where it remained throughout mito-
sis (Figure 2B). RanL43E, like wild-type Ran, was par-the microtubule spindle throughout mitosis (Figure 2A).
Ran was partially excluded from the chromatin, which tially excluded from the chromatin. Upon reentry into
interphase, RanL43E relocalized to the nuclear mem-can be seen by the “shadow” at the metaphase plate.
Upon reentry into interphase, Ran relocalized to the nu- brane. This dynamic localization of RanL43E was re-
peated in subsequent cell cycles (Movies 3 and 4). Inclear envelope and the nucleus. This localization pattern
was repeated in subsequent cell cycles (Movies 1 and contrast, RanT24N was imported into the nucleus and
colocalized with chromatin throughout the cell cycle2). No difference was seen between injected Ran loaded
with GDP or GTP, suggesting that the nucleotide is freely (Figure 2D). The chromatin localization is likely to reflect
RanT24N binding to RCC1 (which localizes to chromatinexchangeable; this was also confirmed by in vitro nucle-
otide exchange assays (data not shown). These data in mitosis, Figures 1A and 1B), as RanT24N has a higher
affinity for RCC1 than either wild-type or RanL43E [18].place Ran in the correct location to modulate spindle
assembly. This finding is somewhat unexpected and As RanT24N and RanL43E each only reflect one nucleo-
tide-bound state, GDP and GTP, respectively, their lo-implies that Ran, in this system, is constrained to the
region around the spindle, allowing it to carry out its calization is indicative of the highest affinity interactions
of Ran in either of the nucleotide-bound states. There-mitotic function. This concentration of Ran is unlikely
to occur via a direct interaction with spindle microtu- fore, as the mitotic localization of RanL43E reflects very
closely that of wild-type Ran, it follows that the bulk ofbules, as Ran does not specifically colocalize with mi-
crotubules. Instead, Ran’s restriction to the region Ran in the vicinity of the spindle is in the GTP-bound
state and that the chromatin is the site of nucleotidearound the spindle probably occurs via an uncharacter-
ized mechanism. exchange in vivo. Taken together, these data suggest
that, in vivo, Ran remains around the spindle throughoutTo examine the possible nucleotide-bound state of
the Ran around the spindle, Drosophila embryos were mitosis and that this Ran is in the GTP-bound form.
These data are consistent with the recent finding thatinjected with rhodamine-labeled RanL43E, an allele
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Figure 2. Localization of Wild-Type Ran, RanL43E, and RanT24N throughout the Cell Cycle
(A–D) Embryos expressing GFP--tubulin [29] were injected with (A) rhodamine-labeled GST-RanGDP, (B and C) GST-RanL43E, and (D)
RanT24N and were viewed by dual wavelength time-lapse LSCM. (C) A magnified 5-min portion of the rhodamine-labeled RanL43E time-lapse
series in (B), showing the movement of RanL43E-stained vesicles during interphase around one nucleus. The white asterisk in the black circle
marks the site of the centrosome. NEB, nuclear envelope breakdown. The scale bars in (A), (B), and (D) represent 10 m, and the scale bar
in (C) represents 5 m.
RanGTP is found in the vicinity of chromatin in vitro Interestingly, the injected rhodamine-labeled RanL43E
also localized to motile punctate structures (Figure 2C).[13]. In addition, it demonstrates something that is not
predicted by the model: in vivo, in this system, the major- These structures were rarely seen in embryos injected
with rhodamine-labeled RanGDP, RanGTP, or labeledity of Ran remains around the spindle in mitosis, and
this Ran is in the GTP-bound form. importin  (Figure 3B). The structures are formed upon
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Figure 3. A Time-Lapse Series of Micrographs Following the Dynamic Localization of GFP-GST-NLS and Importin 
(A) Wild-type embryos injected with rhodamnine-labeled tubulin and a bacterially expressed GFP-GST-NLS fusion protein.
(B) Embryos expressing GFP--tubulin were injected with rhodamine-labeled bacterially expressed 6-histidine-tagged importin . Injected
embryos were viewed by dual wavelength time-lapse scanning confocal microscopy. NEB, nuclear envelope breakdown. The scale bar
represents 10 m.
the fragmentation of the nuclear envelope of the mother could stabilize these structures, allowing their visualiza-
tion. Since these structures accumulate at the centro-nucleus, in the region in which the metaphase plate once
was, during the rearrangement of the nuclear envelope some, an additional possibility is that the RanL43E stabi-
lizes the vesicles and either slows or prevents theirto form two new nuclei (Movies 5 and 6). The structures
are very motile and move toward the newly forming fusion with the existing nuclear envelope, an explanation
consistent with the previously described requirementnuclear envelope and the centrosome. In the presence
of injected wild-type Ran, these structures, upon arrival for a cycle of GTP hydrolysis for nuclear envelope vesicle
fusion in vitro [22, 24]. The inhibition or reduction inat the nuclear envelope, fuse with it (Movie 6). In con-
trast, in the presence of injected RanL43E, the structures vesicle fusion with the nuclear envelope would account
for the accumulation of RanL43E-labeled vesicles at thepersist and often accumulate at the centrosome (Figure
2C and Movie 5). The movement of these structures centrosome. It is tempting to speculate that our results
reflect a requirement for the RanGTPase cycle in vesicleprobably occurs via the action of dynein, a minus end-
directed microtubule motor, as the structures moved to fusion to the nuclear membrane in vivo.
the minus end of the microtubules, which are organized
at the centrosome. This is consistent with the recent Nuclear Proteins Redistribute throughout
the Embryo during Mitosisobservation that dynein has a role in nuclear envelope
dynamics [19, 20]. Several explanations for the appear- As NEB is incomplete in Drosophila embryos during
the early cell cycles that we visualized [25], one possibleance and accumulation of these structures in the rhoda-
mine-labeled RanL43E-injected embryos can be envis- explanation for the mitotic localization of Ran is that nu-
clear proteins cannot escape the area surrounding theaged. Firstly, RanL43E should have a higher affinity than
wild-type Ran for components of the nuclear envelope, chromatin. To test this possibility, the dynamic localization
of a nuclear protein, a GFP-glutathione-S-transferease-resulting in more RanL43E localizing to these nuclear
envelope remnants than wild-type Ran. Consequently, nuclear localization signal fusion protein (GFP-GST-NLS),
was followed during the cell cycle. The GFP-GST-NLSthese punctate structures may be common, but they
are not labeled sufficiently by rhodamine-labeled wild- was quickly imported into the nucleus, but, unlike Ran,
which remained around the spindle, GFP-GST-NLS wastype Ran to be visualized. Alternatively, as Ran regulates
nuclear envelope assembly [21–23], the injected RanL43E redistributed throughout the embryo upon NEB and re-
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